PURPOSE To characterize posterior corneal aberrations in keratoconic (KC) eyes and investigate compensatory effects between anterior and posterior corneal surfaces.
INTRODUCTION
Keratoconus is a non-inflammatory corneal disorder characterized with increased anterior corneal aberrations [1, 2] . By masking patient's irregular anterior cornea with regular spherical lens surface, rigid gas permeable (RGP) lenses provide aberration correction. Reduction of higher order aberration (HOA) was observed in KC eyes with these lenses [3, 4, 5] . However, compared to normal eyes, a relatively larger amount of HOA was still observed in KC eyes with RGP lenses leading to worse visual performance [6, 7] . The measured residual aberration could be attributed to internal ocular aberrations generated by both the posterior corneal surface and crystalline lens [8, 9, 10, 11] . Assuming that there is no significant difference in the aberration of the crystalline lens between normal and KC eyes, the larger residual aberration is more likely caused by the posterior cornea. Using the back surface customized soft contact lens to neutralize KC eyes' anterior corneal aberration, Chen et al. [8] observed that the measured internal ocular aberration was mainly contributed by the posterior corneal aberrations. The irregular posterior cornea in KC eyes could generate amounts of aberrations significantly larger than those in normal eyes, thus playing a major role in the internal optics aberrations.
Investigating the posterior corneal aberrations provides a better understanding of the contributions of posterior aberration to the internal optical aberrations and how they differ between normal and KC eyes. It also has been reported that the internal ocular aberrations were opposite to anterior corneal aberrations showing a compensation mechanism between the two [8, 12] . Since posterior corneal aberrations were the major source of internal ocular aberrations in KC eyes [8] , the similar compensation effect could exist between anterior and posterior corneal aberrations. The compensation mechanism between anterior and posterior corneal surface would be especially significant in KC eyes due to the substantial increment of both anterior and posterior corneal aberrations.
Despite its significance, however, there have been no previous studies focused on posterior corneal aberrations and its compensation effect. In this article, we systematically investigated the amplitude and orientation of the posterior corneal aberrations in advanced, moderate and mild KC eyes and compared them with those in normal eyes. The posterior corneal aberration's compensatory effects on the anterior corneal aberrations were also quantitatively assessed in KC eyes with different degrees of severity.
SUBJECTS AND METHODS
Corneal topography of a total of 31 normal eyes and 82 KC eyes (37 advanced, 31 moderate, 14 mild classified based on the CLEK recommendation [13] ) was collected in this study. Both anterior and posterior corneal topographies were measured using the Orbscan IIz corneal analysis system (Bausch and Lomb). Previous studies [14, 15, 16] indicated that corneal topography in general centered on the corneal apex while shack-Hartmann measurements used the center of the entrance pupil of eye as the origin for wavefront calculation. In order to make the measured topography data comparable with other wavefront experiment results, all of the corneal topography calculations were realigned using the corneal sighting center as the elevation data origin which was the intersection between the line of sight and corneal surface. For an Orbscan IIz system, the anterior and posterior corneal sighting center could be identified as the projection of the pupil center on the anterior and posterior corneal surfaces respectively. Using our Matlab program, only the central 6-mm of both the anterior and posterior corneal raw elevation data were fitted with a Cartesian oval (or spherical aberration free) surface [17] which was aligned with the sighting center. Then, the difference map was decomposed using Zernike polynomials. Although the Orbscan system provides a 10-mm diameter zone by default, we only used the center 6-mm diameter of the elevation data to calculate the Cartesian oval surface using our Matlab program. Wavefront aberrations were calculated from the anterior and posterior corneal elevation difference map multiplied by the refractive index difference between the cornea and two media (air for the anterior cornea and aqueous for the posterior cornea). We used the refractive index differences 0.376 and -0.04 for the anterior and posterior corneal aberrations computation respectively. Zernike defocus mode (Z 2 0 ) was excluded from the analysis since it varies with the curvature of the reference surface that was used to fit the elevation data. Since bilateral symmetry exists between right and left eyes [18] , according to the recommendation of Thibos et al. [19] , the Zernike coefficients for right eye (OD) and left eye (OS) were expressed with right hand and left hand Cartesian coordinate system respectively in this article. By this definition, the positive x-axis direction is toward the nasal direction for both eyes (OD and OS) which allowed the bilateral symmetry of wavefront aberrations to be compared directly. All Zernike coefficients were finally reduced to Zernike vectors using the methods proposed by Campbell [20] and utilized in previous studies [10, 21] . With this method, each pair of Zernike modes (Z n m and Z n -m
represented by its magnitude (M) and orientation angle (θ).
The magnitude of each aberration expressed as the root mean square (RMS) wavefront error was calculated by the formula ( ) ( )
where C n m , C n -m and C n 0 were the Zernike coefficients of the corresponding Zernike modes Z n m , Z n -m and Z n 0 respectively and M was the magnitude of the aberration.
The orientation angle (θ) calculated using the formula below is illustrated in Figure 1 for different aberrations. If m = 0 (spherical aberrations), corresponding aberrations were radially symmetric and there was no azimuthal orientation associated with it.
Using the above formulas, the orientation angle of both anterior and posterior corneal aberrations could be computed. Therefore, the orientation angle difference between anterior and posterior corneal aberrations could be calculated. In this article, ∆β, defined as the angular difference, was employed to represent the orientation angle difference between anterior aberration vector ( A ρ ) and posterior aberration vector ( P ρ ).
The angular difference was calculated and rescaled within the range from 0 to 180 degree by the following formula.
where θ A and θ P were the orientation angles of anterior aberration vector ( A ρ ) and
posterior aberration vector ( P ρ ) respectively. The use of ∆β to represent the angular difference between the two vectors allowed uniformity of range from 0 to 180 degree for different sets of aberrations, thus facilitating easy comparison. As an example, for two aberrations with opposite directions, although |θ A -θ P | equals 90, 60, 180, 45, 90, 36, 60, 180 degree for astigmatism (m=2), trefoil (m=3), coma (m=1), quadrafoil (m=4), secondary astigmatism (m=2) , pentafoil (m=5), secondary trefoil (m=3), and secondary coma (m=1) respectively, the value of ∆β is always 180 degree.
To calculate the compensation effect between anterior and posterior corneal aberration, the posterior corneal aberration ( P ρ ) was decomposed into a component (F), defined as compensation component, whose direction was parallel to the direction of the anterior corneal aberration vector ( A ρ ). The following formula was used to calculate the compensation component. Zernike coefficient, (C n 0 ) A (for aberrations with m=0) for all subjects was computed. The slope (k) of the fitted line indicated the averaged compensation factor and the determination factor (R 2 ) was a measure of how strictly this percentage value was followed by each individual subject within the investigated group. For each individual eye, the angular difference between anterior and posterior corneal aberration was calculated by the method described earlier. Figure 4 shows the angular difference between the anterior and posterior corneal aberrations and Table 3 summarizes the student t-test comparison of the angular difference among all groups of eyes. As described earlier, the angular difference between anterior and posterior aberrations are always ranged between 0 and 180 degree. For astigmatism, the average angular difference ± standard deviation was 161±18, 154±21, 143±37 and 154±42 degree for the advanced, moderate, mild KC and normal eyes respectively. The student t-test did not show a statistical difference (p>0.05) of the angular difference with astigmatism among KC and normal eye groups as shown in 
RESULTS

Posterior corneal aberrations
Compensation between the anterior and posterior cornea
We next examined the averaged percentage of the anterior corneal aberration compensated by the posterior corneal aberrations. In Figure 5 of anterior corneal coma compensated by the posterior cornea respectively. However, significant variability was found among the normal eyes (R 2 = 0.07), indicating that the compensation effect for coma was not consistent within the normal eye group. As indicated by determination factor (R 2 ), the general trend for coma was that the compensation effect had increasingly stronger correlation with the increase of the severity of keratoconus. A similar trend was also found with trefoil, spherical aberration, secondary astigmatism and secondary coma. For these aberrations, in general, larger R 2 values were observed in more severe KC eyes than those of normal eyes. No significant compensation effect was observed for quadrafoil, pentafoil and secondary trefoil in all KC and normal eyes since R 2 were rather small (≤0.05) for all groups of eyes.
Discussion
Corneal surface irregularity and its compensation effects
Keratoconus is a condition, in which the cornea assumes a conical shape due to localized thinning of the corneal stroma [1, 22] . Corneal thinning induces significant surface irregularities [23, 24, 25] and HOAs [26, 27] . The induced both anterior and posterior corneal surface irregularities contribute to the corneal HOA [26] , which was Corneal surface parallelism also depends on the magnitude of individual lower and higher order aberrations. Recent studies [28] of the corneal thickness spatial profile showed KC eyes to have a more abrupt increase in corneal thickness than that of the normal eye group from the thinnest point toward its periphery. Thus, the KC cornea may have worse parallelism than normal corneas.
Furthermore, since the anterior corneal aberrations would be partially cancelled by posterior corneal aberrations because of the compensation effects, if a compensation effect existed, we would expect to observe a reduction in total corneal aberrations comparing with anterior corneal aberration. In our experiments, an averaged lower order aberration (astigmatism) compensation effect was observed in both KC and normal eyes.
As for HOA, there is no averaged HOA compensation effect found within the normal eyes. However, for KC eyes, the compensation effect was observed with several major HOAs and this effect was especially stronger (as indicated by R 2 ) with more severe KC eye groups. We calculated the magnitude of HOA for both the anterior cornea and the total cornea. As for the anterior cornea, 4.50±1.30, 2.08±0.83, 0.59±0.18 and 0.53±0.1 µm of HOA RMS were observed in advanced, moderate, mild KC and normal eyes respectively, while for the total cornea these values were reduced to 3.54±1.2, 1.64±0.67, 0.54±0.17, 0.51±0.10 µm. Using the student t-test, we also compared the anterior corneal and total corneal HOA. Significant HOA reduction in total cornea was observed in advanced and moderate KC groups (p=0.003 and 0.024 respectively) because of the posterior corneal HOA compensation effect. In the group with a less severe keratoconus, the total corneal HOA reduction was not significant (p=0.43 and 0.51 for mild KC and normal eyes respectively) because of the reduced posterior corneal compensation effect in these groups of eyes.
Although the cornea has a layered structure, in our calculation we used the single uniform refractive index of the entire cornea. We verified whether or not the corneal epithelium has any significant impact on the corneal aberration. We computed the total corneal spherical aberration when assuming 40 µm thick epithelium (n=1.401) and 460 µm thick stroma (n=1.376) with a 7 mm radius of curvature. The spherical aberration of this model cornea demonstrated negligibly small differences (2.7e-4 µm) from that calculated assuming the single layer cornea (500 µm stroma). However, it is important to note that the non-uniform distribution [29] of the epithelial layer could cause the larger difference due to other asymmetric higher order aberrations.
Clinical implication
Previous research [6, 7] already observed significantly larger total ocular HOA and lower visual performance for KC eyes with RGP lenses than that of normal eyes.
From the present study, we found that the significantly large amounts of posterior corneal aberrations contributed to the measured large HOA, which were not corrected by RGP lenses in KC eyes. This may explain the clinical observation that KC eyes with RGP lenses have poorer visual acuity than that in normal eyes. Since RGP lenses correct only anterior corneal lower and higher order aberrations, significant amounts of residual posterior corneal higher order aberrations, in KC eyes would limit the visual benefit obtainable with conventional RGP lenses.
The magnitude of posterior corneal aberrations is much smaller than that of the anterior cornea due to the smaller refractive index change between the aqueous and cornea than between the cornea and air. This is the major reason why the posterior corneal higher order aberrations have insignificant contributions to the total ocular aberrations in normal eyes. However, the averaged posterior corneal HOA RMS for advanced KC eyes was 1.04 µm for 6-mm pupil which was more than five times larger than that of normal eyes. Moreover, this value was about two times larger than the averaged HOA RMS (~0.51 µm) of total corneal higher order aberrations of naked normal eyes. This suggests that when correcting advanced KC eyes with a conventional RGP, visual performance would be significantly worse than normal eyes due to the uncorrected posterior corneal aberrations.
With a RGP lens on the keratoconic cornea, a small amount of residual aberrations could still be induced from the anterior corneal surface due to the refractive index difference between the cornea (n cornea =1.376) and tear (n tear =1.336). These residual aberrations compensate for some of the posterior aberrations. When taking this into consideration, the total residual HOA RMS for patients with RGP lens was 0.80, 0.50 and 0.34 µm for advanced, moderate and mild KC, respectively. It still suggests that the impact of the posterior corneal aberrations on visual performance is more significant with an increase in degrees of keratoconus and at least advanced KC eyes would have poorer visual performance than normal eyes. Other factors, such as lens decentration, could also induce the total ocular wavefront aberration for KC eyes with RGP lenses. In the future, more studies are needed to investigate the impact of posterior corneal aberration on visual function.
Another potential clinical application was the use of angular difference between anterior and posterior aberrations for both coma and secondary astigmatism to diagnose keratoconus in its early stage since significant difference was found between mild KC and normal eyes. It was also interesting to note that magnitude of the anterior and posterior corneal aberrations cannot distinguish the mild KC and normal eye group.
Further investigation on the keratoconus suspect patients is needed to confirm this hypothesis.
In conclusion, significantly larger amounts of posterior corneal aberrations were found in keratoconic corneas than in normal corneas. The posterior coma and secondary coma showed mirror symmetry between left and right eye in advanced KC group. The posterior corneal aberration compensation effect, which partially cancelled anterior corneal aberrations, was also observed and especially stronger in advanced KC eyes.
These aberrations contributed to the uncorrected residual aberrations in KC eyes with RGP lens. 
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